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affinity and selectivity of membrane binding seems intu-Calculating the Potential of C2
itively appealing. But to what extent do nonspecific elec-Domains for Membrane Binding trostatic interactions influence the diverse membrane
binding properties of C2 domains? Are electrostatic in-
teractions important for just a subset of C2 domains or
could they play a general role? In the January issue ofA recent report in Molecular Cell demonstrates the
Molecular Cell, Murray and Honig employ finite-differ-ability of electrostatic calculations to predict the mem-
ence Poisson-Boltzmann (FDPB) calculations to quanti-brane binding properties of structurally characterized
tatively and systematically analyze the contribution ofC2 domains and assign probable membrane targeting
electrostatic interactions between C2 domains of knownfunctions to numerous uncharacterized C2 domains.
structure and model membranes with defined phospho-
lipid composition (Murray and Honig, 2002). The FDPBThe targeting of cytoplasmic proteins to distinct intracel-
method provides a rapid numerical solution to the Pois-lular membrane compartments is mediated by an ex-
son-Boltzmann equation (think Coulomb’s Law general-panding list of modular domains frequently found in
ized to any number of charged groups), allowing theproteins involved in signal transduction or vesicular traf-
electrostatic properties of complex macromolecules toficking. Whereas FYVE, PX, C1, and a subset of PH
be calculated with high accuracy, provided that the rele-domains recognize particular lipid constituents, such as
vant structures are known or can be approximated bydiacyl glycerol and phosphoinositides, most C2 do-
homology models (for a concise review, see Honig andmains function in a less specific manner, interacting with
Nicholls, 1995). Graphical interfaces, such as the popu-membranes of various phospholipid composition. The
lar program GRASP, developed in the Honig lab, allowC2 domain was first identified as a calcium binding mod-
the electrostatic properties to be visualized in the con-ule in protein kinase C. Since that time, over 100 proteins
text of the corresponding macromolecular structures.containing these approximately 130 amino acid domains
FDPB calculations can further be used to assess thehave been identified. Over the last decade, a wealth of
electrostatic contribution to the free energy of macro-structural and functional information has accumulated
molecular interactions. When these calculations are ap-on C2 domains and the mechanisms by which they asso-
plied to C2 domains, a remarkably coherent pictureciate with intracellular membranes. C2 domains share
emerges of how electrostatic potential and its regulationa common architecture consisting of an eight-stranded
by Ca2 influences membrane affinity and selectivity.antiparallel  sandwich that positions several variable
Indeed, the calculations support earlier hypotheses re-loops on a common membrane interaction surface. The
garding the role of electrostatic interactions and lendvariable loops frequently encode acidic Ca2 binding
new insight into the sometimes-counterintuitive pheno-motifs and account for the functional diversity within
types of site-specific mutants.the C2 domain family.
As noted above, the well-characterized SytI-C2A as-Many C2 domains, including the C2A domain of Sy-
sociates nonspecifically with negatively charged mem-naptotagmin I (SytI) and the C2 domains of protein ki-
branes in the presence of Ca2. FDPB calculations pre-nase C and C (PKC and PKC), associate nonspecif-
dict that Ca2 binding dramatically decreases the freeically with anionic phospholipids (Hurley and Misra,
energy for interaction with negatively charged model2000). Others, such as the cytoplasmic phospholipase
membranes. Favorable interactions with the negativelyA2 (cPLA2) C2 domain (cPLA2-C2), exhibit a clear prefer-
charged model membranes are not observed in the ab-ence for neutral, zwitterionic membranes (Davletov et
sence of Ca2, while the interaction with neutral PCal., 1998; Nalefski and Falke, 1998). Although membrane
membranes is unfavorable under all conditions. Thus,binding often requires Ca2, some C2 domains, like that
the calculations clearly support an electrostatic switchof the PTEN tumor suppressor, associate with mem-
mechanism for SytI-C2A. The C2 domain of PKC pro-branes in a Ca2-independent manner (Lee et al., 1999).
vides another interesting case study. Like SytI-C2A,Given such diverse functional properties, it is perhaps
PKC-C2 associates nonspecifically with anionic mem-not surprising that membrane targeting reflects the in-
branes in a Ca2-dependent manner. Here again, theterplay of multiple energetic contributions. For example,
FDPB calculations are consistent with an electrostaticCa2 binding to SytI-C2A results in an “electrostatic
switch mechanism. Curiously, replacing two negativelyswitch” from a negative to a positive potential (see Fig-
charged aspartic acid residues involved in Ca2 coordi-ure) that is hypothesized to drive nonspecific associa-
nation with two positively charged arginine residues re-tion with negatively charged phospholipids (Rizo and
sults in a 30-fold reduction in affinity for anionic mem-Sudhof, 1998). The crystal structure of PKC-C2 bound
branes, suggesting that PKC-C2 might not employ ato Ca2 and a soluble phosphatidyl serine suggests an
simple electrostatic switch mechanism (Edwards andadditional role for Ca2 as a “protein-lipid bridge” that
Newton, 1997). The resolution of this apparent paradoxcoordinates anionic groups from both the C2 domain
lies in the accounting. Although the arginine substitu-and the phospholipid membrane (Verdaguer et al., 1999).
tions result in a gain of 4 units of charge, they alsoIn the case of cPLA2-C2, the partitioning of exposed
disrupt the binding sites for three Ca2 ions, which con-hydrophobic residues into the lipid bilayer provides the
tribute a total charge of 6. According to the FDPBdriving force for association with neutral membranes
calculations, the net loss of2 charge units should lead(Perisic et al., 1998).
to a 50-fold reduction in affinity, in good agreement withGiven the visually dramatic effect of Ca2 on the elec-
the experiments.trostatic potential of Ca2-dependent C2 domains, the
idea that electrostatic interactions could regulate the Several other C2 domains of known structure exhibit
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A Ca2-Induced Electrostatic Switch
Calculated electrostatic potential of SytI-C2
in the absence (A) and presence (B) of bound
Ca2. Positive (blue) and negative (red) poten-
tial is contoured at approximately 25 mV
and25 mV, respectively. Adapted from Fig-
ure 1 of Murray and Honig (2002).
similar Ca2-dependent electrostatic potentials, includ- useful bioinformatic tool for C2 domains and, perhaps,
other large domain families whose interaction with mem-ing the C2B domain of Rabphilin 3A as well as the C2
domains of phospholipase C, PKC, and Syt3, indicat- branes reflects a nonspecific electrostatic component.
ing that the membrane binding of these C2 domains is
also consistent with an electrostatic switch mechanism. Eric Merithew and David G. Lambright
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